Abstract: High-frequency oscillations caused by voltage source converters (VSCs) are constantly emerging in power systems with the increasing penetration of renewable energies. VSC models in current control timescale play a pivotal role in the analysis of these oscillation issues. Conventional VSC models show few physical mechanisms of VSC dynamics during system oscillations. Hence, this paper proposes a VSC model from the viewpoint of its internal voltage (namely, VSC output voltage), which is driven by current balancing between the current reference and the feedback in a stationary frame. The proposed model can be used to study VSC dynamic characteristics in an intuitionistic physical way. Based on the proposed model, it is found that VSC current reference in a stationary frame varies with internal voltage dynamic due to the essence of active and reactive current control in a current control timescale. Additionally, in a stationary frame, the dynamic relation between internal voltage and error current embodies a generalized integrating characteristic with adaptable center frequency determined by a phase-locked loop, which guarantees the zero steady state error of VSC current control. Comparisons of simulations between the proposed model and a switch-based model validates the effectiveness of the proposed model.
Introduction
With the wide application of voltage source converters (VSCs) in power systems, the emerging oscillations caused by VSC control dynamics show diverse forms in multiple timescales [1] [2] [3] . In the current control timescale (CCTS) of VSCs, the unstable phenomena caused by VSCs, presenting as high-frequency oscillations, leads to financial loss for electricity companies [4] . Consequently, a system dynamics analysis in the current control timescale of a high VSC penetration system has received increasing attention from academic and industry scientists.
The VSC model is the foundation from which to study the dynamics issues of VSCs in current control timescale. Different kinds of VSC models have been proposed in published literature. The differential equation-based VSC model is usually used in modal analysis [5, 6] . This kind of VSC model is deduced in the time domain and shows more mathematical detail than physical meanings. Early frequency-domain models of VSCs were deduced from the perspective of control theory and focused on the design of regulator parameters [7] [8] [9] . However, since the VSC and its external grid are modeled together, it is difficult to study VSC characteristics in such models. Therefore, the emerging impedance-based frequency domain model, in which VSC is modeled separately from the external grid, is proposed [10] [11] [12] [13] . In this kind of model, as all of the control branches in VSCs are lumped into the equivalent impedance, the motion process of the inner key state in VSC is concealed, which limits
Description of VSC Current Control System and Fundamental Concept
The proportional plus integral (PI) regulator based on a synchronous reference frame phase-locked loop (SRF-PLL) is widely used in VSC current control. Figure 1 depicts a simplified diagram of VSC current control. The cross-decoupling items are neglected for simplification. The space vectors of current and voltage are denoted by boldface letters: for example, e for output voltage vector of VSC, u t for terminal voltage vector, u g for infinite bus voltage vector, and i for the current vector of VSC filter inductor. Signals in a SRF-PLL reference frame and stationary frame are denoted by subscript 'dq' and 'αβ'. Those space vectors can be expressed by complex quantities [18, 19] : for example, terminal voltage u tαβ can be expressed as u tα + ju tβ or U t e j(ωt + θ) where U t is the amplitude of the space vector. Additionally, it can be rewritten in real space vector form as [u tα , u tβ ] T . Unless otherwise stated, in this paper the bold non-italic letters represent real space vectors and transfer matrices and the bold italic letters represent complex vectors. 
Definition of Current Control Timescale
Timescale decomposition is a useful tool for simplifying system dynamic analysis. According to the traditional timescale decomposition, the dynamics of VSC control loops belong to the electromagnetic timescale (less than 1 s). The current control loops have a minimum response time constant (less than 20 ms) among VSC control loops [4] . The outer control loops, such as DC-link voltage control and terminal voltage control, have a much slower dynamic (about 20 ms to 1 s) [14] . The phase-locked loop's dynamic response time constant is between those of the outer loops and current control loops. The relative relations of different VSC control loops and their response time constants are shown in Figure 2 . To study the high frequency oscillations caused by VSCs, this paper focuses mainly on dynamics less than 20 ms, and defines it as current control timescale. Therefore, the outer control loops are ignored in the modeling, except the SRF-PLL. 
The Internal Voltage of VSCs in Current Control Timescale
For power system operation, the voltage of each node in a grid is an important index to evaluate the system's state. The grid node voltage is mainly determined by the output voltage of each gridconnected device-for example, the back EMF in SG, the output voltage of VSC in WTGs, and so on. The dynamics of each device's output voltage has significant impact on power system dynamics. In this paper, the device output voltage is defined as the internal voltage since its dynamic is only determined by the device itself. For the VSC, the AC side inverter voltage is defined as its internal voltage.
As mentioned above, the dynamic of the device's internal voltage has an important impact on system dynamics. In addition, the dynamics of the internal voltage is determined by the VSC inner control process. Thus, in order to intuitively reflect the influence of VSC on the system dynamics, this 
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The Internal Voltage of VSCs in Current Control Timescale
For power system operation, the voltage of each node in a grid is an important index to evaluate the system's state. The grid node voltage is mainly determined by the output voltage of each grid-connected device-for example, the back EMF in SG, the output voltage of VSC in WTGs, and so on. The dynamics of each device's output voltage has significant impact on power system dynamics. In this paper, the device output voltage is defined as the internal voltage since its dynamic is only determined by the device itself. For the VSC, the AC side inverter voltage is defined as its internal voltage. As mentioned above, the dynamic of the device's internal voltage has an important impact on system dynamics. In addition, the dynamics of the internal voltage is determined by the VSC inner control process. Thus, in order to intuitively reflect the influence of VSC on the system dynamics, this paper models VSC from the perspective of the internal voltage, in which the internal voltage is used as the output interface of the proposed VSC model, and the current reference and feedback are used as the model input interface. From this perspective, it is possible to find that the dynamics of the VSC's internal voltage in the current control timescale is physically determined by balancing between current reference and feedback current. Furthermore, current balancing will be impacted by the PLL through coordinate transformations. Based on the considerations above, a current-balancing driven internal voltage motion model of VSC is proposed in this paper.
Current-Balancing Driven Internal Voltage Motion Model of VSCs in Stationary Frame
In this section, the current-balancing driven internal voltage motion model with the consideration of SRF-PLL is deduced step by step by block diagram in a stationary frame. Comparisons of simulations between the proposed model and a switch component-based model are used to verify the proposed model.
The Modeling of VSCs in Stationary Frame
According to the current control diagram shown in Figure 1 , it is possible to obtain a diagram description of a VSC in Figure 3a . T sr and T rs in Figure 3a represent the coordinate transformation with the mathematical form as
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The Modeling of VSCs in Stationary Frame
According to the current control diagram shown in Figure 1 , it is possible to obtain a diagram description of a VSC in Figure 3a . Tsr and Trs in Figure 3a represent the coordinate transformation with the mathematical form as In Figure 3 , the PIs are the proportional-integral regulators for current control and SRF-PLL. The PI parameters for current control are denoted by kpc and kic, while the PI parameters for PLL are denoted by kps and kis. The transfer function matrix Fv(s) is used to simulate the effect of the sample and filter on the voltage feedforward pathway and can be written as:
where fv(s) = afv/(s + afv), and afv is the cutoff angular frequency. Td(s) is used to simulate the time delay effect caused by sampling, digital control, PWM implementation, and so on, and is In Figure 3 , the PIs are the proportional-integral regulators for current control and SRF-PLL. The PI parameters for current control are denoted by k pc and k ic , while the PI parameters for PLL are denoted by k ps and k is . The transfer function matrix F v (s) is used to simulate the effect of the sample and filter on the voltage feedforward pathway and can be written as:
where f v (s) = a fv /(s + a fv ), and a fv is the cutoff angular frequency. T d (s) is used to simulate the time delay effect caused by sampling, digital control, PWM implementation, and so on, and is
where f i (s) = a fi /(s + a fi ), and a fi is the cutoff angular frequency. T s is the sampling period, which is set as 2.1 kHz.
Replacement of the terminal voltage by current and internal voltage: As mentioned above, the reference and feedback currents are chosen as the input interface of the proposed model in this paper. However, the input of the PLL is terminal voltage u tαβ . In order to unify the input interface of the model, it is necessary to replace u tαβ by another quantity in VSC. In fact, u tαβ can be replaced by i αβ and e aβ based on their mathematical relations of filter inductor on the AC side:
Furthermore, i αβ equals the difference of i αβref and ε αβ . Thus, it is possible to convert the block diagram shown in Figure 3a into an equivalent form, shown in Figure 3b .
The self-adaption resonant characteristic of SRF-PLL-based dual PI control in a stationary frame: The blue shadow area in Figure 3b presents the equivalent control diagram of SRF-PLL-based dual PI regulators in a stationary frame. According to the control diagram, the regulators' outputs in the stationary frame can be written as the sum of the output of the proportional part and the integral part, which can be expressed as follows:
where [x α , x β ] T is the output of the integral regulator in a stationary frame, and can be obtained by the state-space equation as:
where ω s (t) is the differential of θ s as shown in Figure 3b . Thus, the SRF-PLL-based dual PI regulator is a time-varying system in a stationary frame if the dynamic of PLL is considered. If the output angular velocity ω s (t) of PLL is assumed as constant, it is possible to obtain the transfer function between error current and internal voltage from Equations (5) and (6) as follows:
From Equation (7), the integral part of the PLL-based dual PI regulators acts as a generalized integrating characteristic with its center frequency at ω s0 in a stationary frame. However, in a practical Energies 2018, 11, 374 6 of 16 power system, the system's frequency is a slowly varying function of time. The SRF-PLL in VSCs follows the system frequency. Hence, the characteristic of SRF-PLL-based dual PI regulators in a stationary frame can be viewed as an adaptable resonant controller with its center frequency ω s (t) regulated by PLL.
Linearization of coordinate transformations: The model shown in Figure 3b is still a nonlinear model for the existence of the coordinate transformations. These transformations are nonlinear for the time-varying angular frequency caused by the PLL dynamic [17] . Therefore, the linearization of coordinate transformations is the foundation for obtaining the small-signal VSC model. To overcome this difficulty, the harmonic linearization is introduced into VSC modeling [20, 21] . This paper shows a different way to obtain the linearized VSC model in a stationary frame. In fact, the coordinate transformation can be easily linearized in polar coordinates since the steady value of vector magnitude and angular frequency are DC variables. The detail derivation process of the coordinate transformation linearization is shown in the Appendix A.
By applying the linearization process in T 1 , T 2 , T 3 , and T 4 , it is possible to get the corresponding linearized transformation as follows:
According to the SRF-PLL diagram shown in Figure 1 , ∆θ s in Equations (8), (9) , and (11) can be obtained as:
After linearization of the coordinate transformations, it is possible to convert Figure 3b into the linear model shown in Figure 4a . However, the system in Figure 4a is still a linear periodically time-varying system in a stationary frame for the DQ asymmetry introduced by the branch of PLL. Hence, it is difficult to obtain the corresponding frequency domain model in a stationary frame.
In order to deduce the frequency model in a stationary frame, the system in Figure 4a should be simplified into a DQ symmetric one. According to Reference [22] , an unsymmetrical matrix can be equivalently converted into two symmetrical matrices. Hence, by substituting Equation (12) into Equations (9) and (11), the transformations can be rewritten as
where G ui+ (s), G ui− (s), G ue+ (s), and G ue− (s) are transfer function matrices and shown in the Appendix B. If the components introduced by G ui− (s) and G ue− (s) in (13) and (14) are both neglected, the system shown in Figure 4a can be converted into a DQ symmetric one. Hence, it becomes possible to obtain the system stationary-frame model as shown in Figure 4b . Note that G ui+ (s) and G ue+ (s) are denoted to descript the dynamic relations in a DQ frame, and G ui (s) and G ue (s) are denoted to replace them in the stationary frame. The illustration of Figure 4b is shown as follows: 
The dynamic relation between error current and terminal voltage:
According to the diagram in Figure  4a , the terminal voltage Δutαβ can be calculated by the error current and internal voltage. Furthermore, it is able to simplify the calculation of terminal voltage Δutαβ through error current by
The dynamic relation between internal voltage and current reference: In Figure 4a , the transformation between the DQ current reference and the stationary frame current reference is affected by the PLL dynamic through Δθs. In addition, the terminal voltage, which is the input of PLL, is influenced by the internal voltage Δeαβ. Therefore, in Figure 4b , the dynamic relation between the internal voltage Δeαβ and the stationary frame current reference is highlighted by Gei(s). This is an important dynamic characteristic that relates to the active and reactive current control. More discussions will be presented in the following text. The Gei(s) can be calculated by:
The dynamic relation between internal voltage and error current: The internal voltage in VSC is directly driven by the imbalance between current reference and feedback. Thus, the dynamic relation between internal voltage and error current shows the control behavior of VSC in a stationary frame. This dynamic relation is shown in Figure 4b by Gctrl(s), which is the synthetic transfer function matrix of the dynamic relations in the shadow area. The Gctrl(s) can be obtained by: The dynamic relation between error current and terminal voltage: According to the diagram in Figure 4a , the terminal voltage ∆u tαβ can be calculated by the error current and internal voltage. Furthermore, it is able to simplify the calculation of terminal voltage ∆u tαβ through error current by
The dynamic relation between internal voltage and current reference: In Figure 4a , the transformation between the DQ current reference and the stationary frame current reference is affected by the PLL dynamic through ∆θ s . In addition, the terminal voltage, which is the input of PLL, is influenced by the internal voltage ∆e αβ . Therefore, in Figure 4b , the dynamic relation between the internal voltage ∆e αβ and the stationary frame current reference is highlighted by G ei (s). This is an important dynamic characteristic that relates to the active and reactive current control. More discussions will be presented in the following text. The G ei (s) can be calculated by:
The dynamic relation between internal voltage and error current: The internal voltage in VSC is directly driven by the imbalance between current reference and feedback. Thus, the dynamic relation between internal voltage and error current shows the control behavior of VSC in a stationary frame. This dynamic relation is shown in Figure 4b by G ctrl (s), which is the synthetic transfer function matrix of the dynamic relations in the shadow area. The G ctrl (s) can be obtained by:
In fact, G ctrl (s) in Figure 4b clearly presents the influence of the current PI regulator, the PLL, and the voltage feedforward on the internal voltage through three branches. Furthermore, it shows that there is a similar influence of PLL and voltage feedforward on internal voltage; that is, both of them can impact internal voltage through the feedforward pathway. In Figure 4c , the model is presented in the form of transfer functions. G eiα (s), G eiβα (s), G eiαβ (s), and G eiβ (s) are the elements of the transfer matrix G ei (s) in (16) 
From what has been deduced above, the current-balancing driven internal voltage motion model of VSC in current control timescale has been obtained in Figure 4c . It is worth noting that it is possible to obtain the impedance-based VSC model in a stationary frame through the rearrangement of the proposed model. In order to have a more insightful view of VSC, the VSC dynamic characteristic will be studied in the next section.
Verification of the Proposed Model
To verify the correctness of the proposed VSC model, a comparison of a step response and VSC equivalent impedance between a switch-based time-domain VSC model and the proposed model was carried out. The main parameters used in the two models are presented in Table 1 . In time-domain simulations, a step disturbance in the current reference appears at 3.2 s in the two different models. In order to make the comparison more observable, all the waves are converted into a rotating DQ reference with a constant angular velocity. The step responses of current I d and I q are shown in Figure 5a . It can be seen that the dynamic response of the proposed VSC model coincides with the time-domain model, which verifies the correctness of the model proposed in this paper. The differences between the two models are caused by the Insulated Gate Bipolar Transistor (IGBT) dynamics in the time domain simulation and simplification of the linearization on coordinate transformation in the proposed model. The difference of the fast and short transient at 3.2 s between the two models is caused by the parasitic resistance of passive components in the network. Figure 5b shows the VSC impedance comparison between the two models. The blue line presents the calculated impedance of the proposed VSC model and the red-dashed line presents the measured impedance of the time-domain model. The impedance measure of the time-domain model is realized by frequency scans in the time-domain simulations. Both comparisons between the two kinds of models show that the proposed model can reflect the primary characteristics of a VSC in a stationary frame. 
VSC Dynamic Characteristic Analysis in Current Control Timescale
The characteristics of grid-connected devices affect system dynamic behavior. This section discusses the dynamic characteristic of a VSC in stationary frame from a physical viewpoint. Firstly, the characteristics of a variable current reference in the proposed model are concluded. Then, the VSC control characteristics in a stationary frame are discussed and the influence of PLL on VSC is presented.
The VSC Characteristic of Variable Current References in Stationary Frame
The current reference is a key quantity in VSC current control. Generally, the current reference is treated as a constant in most cases of VSC current control analyses. However, since the current references are generated by the outer control loops in the PLL reference frame, the current references will become variable quantities if they are converted into a stationary frame. This is because the stationary-frame references are calculated by the DQ current reference and coordinate transformation, while the coordinate transformation introduces the variable components into the stationary-frame reference. Naturally, the variation of current references will be impacted by the PLL dynamic through the coordinate transformation. The characteristics of the variable current references affect VSC dynamic behavior greatly during a system disturbance. The proposed model in Figure 4c clearly shows this characteristic through the block diagram.
In order to present the dynamic relations of Gei(s) intuitively, the time-domain simulation response of current reference and internal voltage in a stationary frame are shown in Figure 6 . The time-domain simulation is based on the system in Figure 1 with its parameters shown in Table 1 . The simulation results show that the current reference will change with internal voltage in the same tendency. There is only a short time delay between the two waves, which is caused by the phase shifts of Gei(s).
Due to the characteristic of variable current reference, the increased internal voltage leads to increasing current reference, which then increases the error current, which may lead to a further increase of the internal voltage. In other words, the characteristic of the variable current reference may introduce negative damping in VSCs during system dynamic processing. This dynamic characteristic of VSCs may deteriorate system stability. 
VSC Dynamic Characteristic Analysis in Current Control Timescale
The VSC Characteristic of Variable Current References in Stationary Frame
In order to present the dynamic relations of G ei (s) intuitively, the time-domain simulation response of current reference and internal voltage in a stationary frame are shown in Figure 6 . The time-domain simulation is based on the system in Figure 1 with its parameters shown in Table 1 . The simulation results show that the current reference will change with internal voltage in the same tendency. There is only a short time delay between the two waves, which is caused by the phase shifts of G ei (s).
Control Characteristic of the VSC in Stationary Frame
In current control timescale, the current control loop in a grid-connected VSC can be viewed as a typical control system design. The VSC control characteristic that reflects the dynamic relation between error current and internal voltage is important to the dynamic response of the current control loop. In most cases, the VSC control characteristic is treated as the characteristic of the PI regulator in a DQ reference frame. According to the conclusion in Reference [23] , the VSC control characteristic can be described by a proportional resonant controller in a stationary frame when the dynamic of PLL is ignored. However, there is no literature that discusses the VSC stationary frame control characteristic in consideration of the PLL dynamic, which makes the following work necessary.
According to the frequency model shown in Figure 4c , the VSC control characteristic can be intuitively reflected by the transfer function matrix Gctrl(s) between the error current and internal voltage. In Figure 7 , the Bode plots of the diagonal and off-diagonal elements in Gctrl(s) are presented; the impact of the terminal voltage feedforward is ignored in the plots for simplification. By analyzing the Bode plots in Figure 7 , it is possible to find the impact of the PLL dynamic on the VSC control characteristic. It is obvious that Gctrl(s) acts as a PR controller if the PLL dynamic is ignored, and the existence of the PLL dynamic can broaden the bandwidths centered at the fundamental frequency. Additionally, the coupling between different axes in an αβ stationary frame will be increased by the PLL dynamic, which is reflected in the Bode plot of the off-diagonal in Figure 7b . In summary, the existence of the resonance centered at the fundamental frequency in Gctrl(s) makes the VSC able to realize the zero steady state error current control in a stationary frame. This control characteristic is similar to the generalized integrating characteristic as discussed in Reference [23] .
A further in-depth perspective of the PLL's influence on the VSC control characteristic can be discussed based on the diagram shown in Figure 4b . The Gc(s) presents the stationary frame PR regulator, which relates to the PI regulator in the PLL reference frame. In addition, the existence of the PLL dynamic introduces a branch, which is formed by the transfer function matrix Gεu(s) and G′ue(s), in parallel with Gc(s) in Figure 4b . The Bode plots of the diagonal and off-diagonal elements in Gεu(s)G′ue(s) are shown in Figure 8 . It shows that Gεu(s)G′ue(s) also has a resonance point at the fundamental frequency. Increasing the PLL bandwidth leads to the increase of Gεu(s)G′ue(s) in a wide frequency band, which may increase the gain of Gctrl(s) and affects the control system dynamic. Furthermore, by comparing Figures 7b and 8b , it is possible to find the reason why the coupling between the α and β axes in Gctrl(s) increased in consideration of the PLL dynamic. This is caused by the high gain of the off-diagonal element in Gεu(s)G′ue(s).
Note that the above conclusions are obtained based on the linearized model. For the nonlinear model shown in Figure 3b , the resonance frequency of the VSC controller in a stationary frame is determined by the PLL operation point, which is affected by the external grid state. In other words, VSC shows an adaptable generalized integrating characteristic with its center frequency determined by PLL. 
According to the frequency model shown in Figure 4c , the VSC control characteristic can be intuitively reflected by the transfer function matrix G ctrl (s) between the error current and internal voltage. In Figure 7 , the Bode plots of the diagonal and off-diagonal elements in G ctrl (s) are presented; the impact of the terminal voltage feedforward is ignored in the plots for simplification. By analyzing the Bode plots in Figure 7 , it is possible to find the impact of the PLL dynamic on the VSC control characteristic. It is obvious that G ctrl (s) acts as a PR controller if the PLL dynamic is ignored, and the existence of the PLL dynamic can broaden the bandwidths centered at the fundamental frequency. Additionally, the coupling between different axes in an αβ stationary frame will be increased by the PLL dynamic, which is reflected in the Bode plot of the off-diagonal in Figure 7b . In summary, the existence of the resonance centered at the fundamental frequency in G ctrl (s) makes the VSC able to realize the zero steady state error current control in a stationary frame. This control characteristic is similar to the generalized integrating characteristic as discussed in Reference [23] .
A further in-depth perspective of the PLL's influence on the VSC control characteristic can be discussed based on the diagram shown in Figure 4b . The G c (s) presents the stationary frame PR regulator, which relates to the PI regulator in the PLL reference frame. In addition, the existence of the PLL dynamic introduces a branch, which is formed by the transfer function matrix G εu (s) and G ue (s), in parallel with G c (s) in Figure 4b . The Bode plots of the diagonal and off-diagonal elements in G εu (s)G ue (s) are shown in Figure 8 . It shows that G εu (s)G ue (s) also has a resonance point at the fundamental frequency. Increasing the PLL bandwidth leads to the increase of G εu (s)G ue (s) in a wide frequency band, which may increase the gain of G ctrl (s) and affects the control system dynamic. Furthermore, by comparing Figures 7b and 8b , it is possible to find the reason why the coupling between the α and β axes in G ctrl (s) increased in consideration of the PLL dynamic. This is caused by the high gain of the off-diagonal element in G εu (s)G ue (s).
Application of the Proposed Model in Stability Analyses of a Grid-Connected VSC
In this section, the stability of the system shown in Figure 1 is elaborated upon as an application example of the proposed model. The interaction between a VSC and an external grid is studied.
In system oscillation caused by the interaction between VSC control strategies and the network, the VSC dynamic characteristics studied above can be used to indicate the impact of VSCs on system stability. By combining the characteristics of both the VSC and the network, it is possible to evaluate system stability.
The system shown in Figure 1 can be described by the block diagram shown in Figure 9a . The VSC is described by the proposed model and the network is represented by the transfer function matrix Gnet(s) as:
where Gg(s) is:
According to Figure 9a , it is possible to obtain the dynamic relation of current reference Δi′αβref and internal voltage Δeαβ as: 
The system shown in Figure 1 can be described by the block diagram shown in Figure 9a . The VSC is described by the proposed model and the network is represented by the transfer function matrix G net (s) as:
where G g (s) is:
According to Figure 9a , it is possible to obtain the dynamic relation of current reference ∆i αβref and internal voltage ∆e αβ as: Therefore, the system stability can be evaluated by the inverse of G total (s). Furthermore, according to the generalized Nyquist criterion of matrix transfer function [24] , the system stability evaluation can be simplified to the analysis of the characteristic loci of G total (s). The characteristic loci can be calculated by:
where g 11 (s) and g 22 (s) are the diagonal elements in G total (s); g 12 (s) and g 21 (s) are the off-diagonal elements in G total (s). The Nyquist curves of the characteristic loci in G total (s) are shown in Figure 9b with the change of PLL bandwidth from 1 f s0 to 3 f s0 . f s0 is the bandwidth of PLL that is calculated by initial parameters. Since G total (s) has no Smith-McMillan pole on the right-half plane, the system will be stable if there is no encirclement of the characteristic loci around the original point. In Figure 9b , it is obvious that the cross-point of λ total1 (s) on the real axis changes from A to B when the PLL bandwidth is increased, which indicates that the system will become unstable. This conclusion coincides with published literature [25, 26] .
to the generalized Nyquist criterion of matrix transfer function [24] , the system stability evaluation can be simplified to the analysis of the characteristic loci of Gtotal(s). The characteristic loci can be calculated by:
where g11(s) and g22(s) are the diagonal elements in Gtotal(s); g12(s) and g21(s) are the off-diagonal elements in Gtotal(s).
The Nyquist curves of the characteristic loci in Gtotal(s) are shown in Figure 9b with the change of PLL bandwidth from 1 fs0 to 3 fs0. fs0 is the bandwidth of PLL that is calculated by initial parameters. Since Gtotal(s) has no Smith-McMillan pole on the right-half plane, the system will be stable if there is no encirclement of the characteristic loci around the original point. In Figure 9b , it is obvious that the cross-point of λtotal1(s) on the real axis changes from A to B when the PLL bandwidth is increased, which indicates that the system will become unstable. This conclusion coincides with published literature [25, 26] .
In fact, the encirclement of the Nyquist curves at the original point in Figure 9b can be recognized by the real part of the curves when its imaginary part is zero. Therefore, the system stability criterion can also be simplified into the formula shown in Equation (22) Figure 9c , it is clear that Re[λtotal1(jω)] will become negative when Im[λtotal1(jω)] crosses the abscissa axis at point B, which indicates the instability of the system. The plots in Figure 9c indicate that the unstable frequency band is close to but higher than the fundamental frequency. Note that it is impossible to find the potential oscillation frequency in a stationary frame by the DQ frame-based VSC model. This is a comparative advantage of the proposed model in this paper over the DQ frame-based VSC model. Figure 9 . The system block diagram and frequency characteristic curves of the system transfer function matrix: (a) the block diagram of the studied system, (b) the Nyquist curves of the characteristic loci in G total (s), (c) the real and imaginary part of λ total1 (jω) with changing PLL bandwidth, (d) the real and imaginary part of λ total2 (jω) with changing PLL bandwidth, (e) the real part of −λ ei1,2 (jω), (f) the real part of 1/λ ctrl1,2 (jω).
In fact, the encirclement of the Nyquist curves at the original point in Figure 9b can be recognized by the real part of the curves when its imaginary part is zero. Therefore, the system stability criterion can also be simplified into the formula shown in Equation (22) where λ total (jω), λ ctrl (jω), λ ei (jω), and λ net (jω) are the characteristic loci of G total (jω), G ctrl (jω), G ei (jω) and G net (jω). 'Im[ ]' and 'Re[ ]' denote the imaginary and real parts of the complex variable. Based on Equation (22) , Figure 9c,d indicates the system stability more directly. In Figure 9c , it is clear that Re[λ total1 (jω)] will become negative when Im[λ total1 (jω)] crosses the abscissa axis at point B, which indicates the instability of the system. The plots in Figure 9c indicate that the unstable frequency band is close to but higher than the fundamental frequency. Note that it is impossible to find the potential oscillation frequency in a stationary frame by the DQ frame-based VSC model. This is a comparative advantage of the proposed model in this paper over the DQ frame-based VSC model.
Furthermore, as shown in Equation (22), the characteristic loci of G total (jω) can be calculated by the characteristic loci of G ctrl (jω), G ei (jω), and G net (jω). Thus, based on the proposed model, the impacts of G ctrl (jω) and G ei (jω) on system stability can be studied directly, which shows insight into the physical mechanism of VSC on system dynamic stability. Figure 9e ,f shows the real part of -λ ei (jω) and 1/λ ctrl (jω). It is obvious that the increasing PLL bandwidth will decrease the Re[−λ ei1 (jω)] and Re [1/λctrl1(jω) ]. This will cause the system stability to deteriorate.
− λ ei (jω) + λ net (jω) (22) To verify the analysis results above, a 10 kW experiment platform of grid-connected VSC based on dSPACE was implemented and the same per unit value parameters used in the analyses were assigned in the experiment system. The influences of SRF-PLL bandwidth on current control stability were checked. The experimental results of VSC attached to a weak grid are shown in Figure 10 . There are three stages in the experiment: Furthermore, as shown in Equation (22), the characteristic loci of Gtotal(jω) can be calculated by the characteristic loci of Gctrl(jω), Gei(jω), and Gnet(jω). Thus, based on the proposed model, the impacts of Gctrl(jω) and Gei(jω) on system stability can be studied directly, which shows insight into the physical mechanism of VSC on system dynamic stability. Figure 9e ,f shows the real part of -λei(jω) and 1/λctrl(jω). It is obvious that the increasing PLL bandwidth will decrease the Re[−λei1(jω)] and Re [1/λctrl1(jω) ]. This will cause the system stability to deteriorate. To verify the analysis results above, a 10 kW experiment platform of grid-connected VSC based on dSPACE was implemented and the same per unit value parameters used in the analyses were assigned in the experiment system. The influences of SRF-PLL bandwidth on current control stability were checked. The experimental results of VSC attached to a weak grid are shown in Figure 10 . There are three stages in the experiment:
Stage 1: the system is in a state of stable operation with 10 kW of active power output; Stage 2: the PLL bandwidth is changed to 40 Hz; and Stage 3: a trip failure caused by oscillations leads to disconnection of the VSC.
The theoretical analysis results in Figure 9 show that the system will become unstable in Stage 2; the experimental results coincide with the theoretical analysis. In Stage 3, the waves show that the VSC is disconnected from the grid, caused by the oscillation. The theoretical analysis results in Figure 9 show that the system will become unstable in Stage 2; the experimental results coincide with the theoretical analysis. In Stage 3, the waves show that the VSC is disconnected from the grid, caused by the oscillation.
Conclusions
This paper proposed a VSC dynamic model that is established from the perspective of its internal voltage for power system dynamic analysis in current control timescale. From the proposed model, it is possible to find the physical essence of a VSC dynamic in the current control timescale during a system disturbance, which can be described as the motion of internal voltage driven by current balancing between the current reference and feedback in a stationary frame. Based on the proposed VSC model, the VSC dynamic characteristics can be studied from two aspects: (1) the VSC variable current reference characteristic, which is essentially caused by active and reactive current control; and (2) the adaptable generalized integrating characteristic of VSC with its center frequency determined by the PLL in stationary frame. Furthermore, the impact of PLL bandwidth on VSC dynamic characteristic is discussed. Moreover, the application of the proposed model in stability analysis of a single VSC infinite bus system shows the mechanism of the control interaction between the VSC and the network in current control timescale. The experimental prototype-based tests verify the correctness of analyses.
